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論 文 内 容 要 旨 
【Chapter 1  Introduction】
Thermoelectric materials capable of directly converting thermal energy into electrical energy have attracted attention because they 
may allow highly efficient energy utilization, and many new ones have recently been investigated. The performance of such materials 
is evaluated based on the dimensionless figure of merit ZT = (σ×S2/κ)T, where σ is the electrical conductivity, S is the Seebeck coefficient, 
κ is the thermal conductivity, and T is the absolute temperature. Here, κ is the sum of the carrier thermal conductivity (κc) and the lattice 
thermal conductivity (κL) and, since κL is 
independent of σ, S and κc, low-κL compounds 
have been regarded to be candidates for high ZT 
materials. 
Clathrates are characterized by three-
dimensional frameworks with large cavities in 
which guest atoms are situated, and have been 
intensively investigated as a class of low-κL 
materials since the mid-1990s. The low κL 
values of clathrates are attributed to the large 
thermal vibrations (otherwise known as 
“rattling”) of guest atoms. 
Recently, polycrystalline samples of Na2+xGa2+xSn4−x (x = 0.19) with relative densities of 74–77 % have been reported to have high 
ZT values (0.58–0.98) and low κ values (0.52–0.68 W m−1 K−1) at 295 K. Na2+xGa2+xSn4−x has a three-dimensional framework structure 
containing helical tunnels in which Na atoms are randomly situated, and the significant thermal vibrations of these Na atoms are thought 
to reduce the κ value of this material. 
Na2ZnSn5 has been reported to have dimorphs: a metastable phase (hP phase) that is isostructural with Na2+xGa2+xSn4−x and a stable 
phase (tI phase) with a similar tunnel structure (Fig. 1). In my master’s thesis research, ingots of these two polymorphs (hP phase: 98%, 
tI phase: 94%) were prepared and their thermoelectric properties were characterized. The ZT and κL values were determined to be 0.21 
and 1.10 W m−1 K−1 for the hP-phase sample, and 0.03 and 0.61 W m−1 K−1 for the tI-phase (Table 1). Furthermore, the novel compound 
Na2+xAl2+xSn4−x (x = −0.24), which is isostructural with hP-Na2ZnSn5, was synthesized. A polycrystalline sample of Na2+xAl2+xSn4−x (x 
Fig. 1  Crystal structures of Na2+xTr2+xSn4−x (Tr = Ga, Al), hP-Na2ZnSn5 (a), 
and tI-Na2ZnSn5 (b).
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= −0.24) having a relative density of 75% exhibited a ZT value of 0.15 at room temperature. In the present study, single-phase, dense, 
sintered bulk samples of both tI-Na2ZnSn5 and Na2+xAl2+xSn4−x were synthesized and their thermoelectric properties were assessed while 
confirming their low κL values. The disordered states of the Na atoms in these compounds and in hP-Na2ZnSn5 were analyzed and 
compared with the guest atom disorder reported in clathrate compounds in which κL was reduced via the rattling of guest atoms. 
Attempts were also made to obtain improved thermoelectric properties by preparing solid solutions having the formula 
Na1.82+0.18yZnyAl1.82(1−y)Sn4.18+0.82y and substituting Zn for Al in Na2+xAl2+xSn4−x. 
【Chapter 2  Experimental procedure】
A stable tI-Na2ZnSn5 phase was synthesized starting from a pulverized ingot of metastable hP-Na2ZnSn5. Sn, Al, Zn and NaSn 
powders were used for the synthesis of Na2+xAl2+xSn4−x and Na2+xZn(2+x)zAl(2+x)(1−z)Sn4−x, while pulverized Na2+xAl2+xSn4−x  (x = −0.18) 
and hP-Na2ZnSn5 were employed for the synthesis of Na1.82+0.18yZnyAl1.82(1−y)Sn4.18+0.82y. All starting materials were weighed, mixed and 
pressed under an Ar atmosphere. The resulting compacts were loaded in boron nitride crucibles, sealed in stainless steel tubes and heated 
at 523−653 K for 10−36 h. Pulverization of the resulting samples, compaction and heating at 523−653 K for 36 h were repeated from 
one to three times. Finally, the materials were pressed and heated at a pressure of 50 MPa and temperatures in the range of 573–613 K 
(representing a pressure sintering process) to prepare sintered bulk samples. The electrical conductivity (σ), Seebeck coefficient (S), and 
thermal conductivity (κ) for the sintered bulks were determined by the direct current four-probe, thermoelectric-power temperature-
difference and hot-disk methods, respectively. Single crystals of hP-, tI-Na2ZnSn5 and Na2+xAl2+xSn4−x (x = −0.18) were taken from ingot 
or sintered samples prepared by slow cooling. These single crystals were sealed in glass capillaries under Ar and analyzed by low-
temperature X-ray diffraction (XRD). The crystal structure parameters, including the atomic displacement parameters (ADP), were 
refined based on the XRD data, using the SHELXL-2014 program. 
 
【Chapter 3  Synthesis of dense Na2ZnSn5 polycrystalline bulk samples and thermoelectric characterization】 
Samples of single-phase tI-Na2ZnSn5 were synthesized by repeated heating of an ingot of metastable hP-Na2ZnSn5. The resulting 
material was powdered and used to prepare dense sintered bulk samples by pressure sintering. The κL values determined for the tI-phase 
sintered bulk samples with relative densities of 97−100 % were in the range of 0.62−0.63 W m−1 K−1 at room temperature, and thus 
almost the same as the κL value (0.61 W m−1 K−1) of a tI-phase ingot (relative density: 94%) (Table 1). The ZT values for these same 
samples were in the range of 1.2×10−4−1.1×10−3 at room temperature, meaning that they were lower than that for the ingot (0.03) by 
approximately two orders of magnitude. These tI-phase sintered samples were considered to have behaved much like intrinsic 
semiconductors, as they contained fewer impurities than the tI-phase ingot. 
The ADP (Ueq) values for the hP- and tI-Na2ZnSn5, determined by a single-crystal structure analysis based on XRD data over the 
range of 90–300 K, are shown in Fig. 2. For both phases, Ueq for the Na sites and the changes in these values with temperature were 
Table 1  Thermoelectric properties of bulk samples of Na–(Zn, Al)–Sn compounds with tunnel structures. 
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larger than those for the Zn and Sn sites, and a high degree of dynamic disorder 
(that is, thermal vibrations) of the Na atoms in both phases was evident. The 
pronounced thermal vibrations of the Na atoms, which were similar to the rattling 
motion of guest atoms reported as the origin of the low κL values for clathrate 
compounds, were considered to cause the low κL values of the hP phase (1.10 W 
m−1 K−1) and the tI phase (0.63 W m−1 K−1). 
 
【Chapter 4  Synthesis of dense Na2+xAl2+xSn4−x polycrystalline bulk 
samples and thermoelectric characterization】
Dense, single-phase Na2+xAl2+xSn4−x polycrystalline bulk samples were 
prepared and their thermoelectric properties were characterized. Single phase 
Na2+xAl2+xSn4−x samples for which −0.24 ≤ x ≤ −0.10 were synthesized via the 
solid-state reaction of the various metallic elements and NaSn powder at 588–
653 K, and samples having larger x values were obtained at higher temperatures. 
The dense samples (relative densities: 97–100 %) were prepared by pressure 
sintering. The thermoelectric properties determined for the sintered bulks are 
summarized in Table 1. The κL values of 0.38–0.44 W m−1 K−1 for the Na2+xAl2+xSn4−x (−0.24 ≤ x ≤ −0.10) samples were similar to the 
value (0.36 W m−1 K−1) for type-I Ba8Ga16Sn30, which had been reported to have the lowest κL among clathrate compounds. The 
maximum ZT value obtained for the samples with x = −0.18, −0.14, and −0.10 over the range of 295–381 K was 0.47 (for x = −0.18 at 
371 K) (Fig. 3). Na2+xAl2+xSn4−x having low κL and high ZT values at room temperature were considered to show promise for 
thermoelectric applications at ambient temperature. The effect of temperature on the ADP (Ueq) values determined by X-ray single-
crystal structural analysis indicated that the Na atoms in Na2+xAl2+xSn4−x (x = −0.18) also exhibited large thermal vibrations (that is, 
rattling) and so contributed to reducing the κL for this compound. 
 
【Chapter 5  Synthesis of solid solutions in the Na–Zn–Al–Sn system and their thermoelectric properties】
This chapter describes the synthesis of Na1.82+0.18yZnyAl1.82(1−y)Sn4.18+0.82y 
solid solutions having the end-members Na2ZnSn5 and Na2+xAl2+xSn4−x, as 
well as the synthesis of Na2+xZn(2+x)zAl(2+x)(1−z)Sn4−x solid solutions via the 
substitution of Zn for Al in Na2+xAl2+xSn4−x. The thermoelectric properties of 
these solid solutions are also presented. 
Single-phase samples of Na1.82+0.18yZnyAl1.82(1−y)Sn4.18+0.82y (0.1 ≤ y ≤ 0.7) 
were synthesized by the solid-state reaction of Na2+xAl2+xSn4−x (x = −0.18) 
and hP-Na2ZnSn5. The σ and |S| values for the pressed and sintered samples 
(relative densities: 97–100 %) were found to increase and decrease, 
respectively, with increasing y. Calculations of the electronic structures and 
densities of states indicated that Na2+xAl2+xSn4−x (x = 0) and hP-Na2ZnSn5 
possess a band gap of 0.42 eV and a pseudogap, respectively. The effects of 
composition on the σ and S values for Na1.82+0.18yZnyAl1.82(1−y)Sn4.18+0.82y were 
considered to result from variations in the band gaps of the solid solutions. 
The ZT values (0.07–0.26) for Na1.82+0.18yZnyAl1.82(1−y)Sn4.18+0.82y were found 
to decrease with increasing y, and were lower than the value of 0.34 for the end-member Na1.82Al1.82Sn4.18 (y = 0).  
Four Na2+xZn(2+x)zAl(2+x)(1−z)Sn4−x samples, for which x = −0.18 and z = 0.1 or 0.2, x = −0.24 and z = 0.1, and x = −0.28 and z = 0.1, 
were prepared. The ZT values for pressed and sintered samples of the solid solution increased with decreasing x, and the room 
temperature ZT value of 0.46 for the sample having x = −0.28 and z = 0.1 was higher than the highest value of 0.40 for Na2+xAl2+xSn4−x 
Fig. 3  ZT values for Na2+xAl2+xSn4−x (x = −0.18, 
−0.14, −0.10) (triangles) and Na2+xZn(2+x)zAl(2+x)(1−z) 
Sn4−x (x = −0.28, z = 0.1) (squares).  
Fig. 2  Temperature dependence of equivalent 
isotropic atomic displacement parameters of Na 
sites (solid symbols) and framework (Zn, Al, Sn) 
sites (open symbols) in hP- (red), tI-Na2ZnSn5 
(blue), and Na2+xAl2+xSn4−x (x = − 0.18) (green).  
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(x = −0.21). This increase in ZT was probably attributed to optimization of the carrier density and electronic structure by the change in 
x and the partial substitution of Zn for Al. The ZT value for the Na2+xZn(2+x)zAl(2+x)(1−z)Sn4−x sample for which x = −0.28 and z = 0.1 was 
observed to increase with increasing temperature, and reached 0.60 at 373 K. (Fig. 3). 
 
【Chapter 6  Conclusions】
Based on the results presented in Chapters 3, 4 and 5, the achievements of the present study are summarized in this chapter. In addition, 
various guiding principles for the future development of room temperature thermoelectric materials based on Na–(Zn, Al)–Sn 
compounds with helical tunnels are proposed. 
－ 501 －
－ 502 －
